lation.
Figure 1. Two Classes of Histidine Kinases
Generalized schematic diagram dividing histidine kinases into two classes based on the position in the sequence of the substrate histidine (H box) with respect to the kinase domain. H, N, G1, F, and G2 boxes are conserved sequence motifs among histidine kinases (Alex and Simon, 1994). Arrows represent the flow of phosphate through these systems. CheW is the coupling protein that interacts (hashed lines) with the sensor (receptor) and CheA.
Results
and mercury-modified mutants Q545C and E387C produced crystals suitable for structure determination (Tables 1 and 2). Crystals of mercury-modified Q545C difStructure Determination Previous attempts to crystallize CheA from E. coli failed, fracted better than wild-type CheA⌬289 and were highly isomorphous with unmodified Q545C (Table 2) . Anomaso we turned to the homologous CheA from T. maritima (Swanson et al., 1996) . This organism grows at high lous diffraction from seleno-methionine-containing protein crystals was used to locate 20 methionines in the temperatures and has a chemotaxis system that is similar to that found in mesophilic bacteria. We recombielectron density map and aided the definition of the noncrystallographic symmetry and the tracing of the model. nantly expressed CheA⌬289 (residues 290-671), which lacks the two amino terminal domains P1 and P2.
Cycles of model-weighted phase combination, manual rebuilding with interactive graphics, and reciprocal space CheA⌬289 phosphorylates the fragment composed of T. maritima P1 and P2 in vitro, and the efficiency of refinement produced the final structure. Our 2.6 Å resolution refined model of mercury-modified CheA⌬289 phosphorylation is enhanced by increasing temperature up to 80Њ (data not shown). In solution, CheA⌬289 forms Q545C (R factor of 21.3%; R free 28.5%) includes a nonsymmetric dimer of residues 293-671, two mercury atoms, a complex with recombinant T. maritima CheW, and the two proteins copurify. Thus, CheA⌬289 is enzymatically 221 water molecules, and displays reasonable geometry (see Experimental Procedures). active and retains substrate specificity and binding to CheW.
We determined the crystal structure of CheA⌬289 (resiModular Structure of CheA⌬289 Each CheA⌬289 subunit is a modular protein comprised dues 290-671) at 2.6 Å resolution by combining experimental phases from multiple isomorphous replacement of three distinct domains linked by hinges at residues
Arg-354 and Thr-540 (Figure 2). Each domain embodies (MIR) with phases from multiwavelength anomalous diffraction (MAD). Dimeric recombinant wild-type CheA⌬289
a different functionality: dimerization (residues 290- 
354), kinase activity (residues 355-540), and regulatory
The dimerization domain is dominated by two antiparallel helices (␣1, ␣2) that pack against the analogous coupling (residues 541-671) (Figure 1 ). In the overall CheA⌬289 dimer structure, the two kinase and regulatwo helices of the second subunit to form the central four-helix bundle ( 
Histidine Kinases Belong to a Superfamily of ATPases
The catalytic domain of the histidine kinase has a completely distinct topology than that of Ser/Thr or Tyr kinases ( Figure 4A) By analogy with GyrB, the CheA G2 loop is likely to the nucleophile for phosphate transfer (His-45) but also the activating glutamate (Glu-67), thereby completing the dramatically change conformation upon binding the ATP phosphates. The G2 box in GyrB forms a loop whose catalytic center observed in GyrB. Accessibility of the ATP ␥-phosphate to residues from main chain nitrogen atoms come in close contact with as a probe identified significant sequence similarity with the regulatory domain of several CheA proteins. For Similar to the Eps8 SH3 dimer structure, the exclusively hydrophobic interface between ␤ barrels in CheA parexample, Borrelia burgdoferi CheA 2 (residues 767-757) and T. maritima CheW (residues 52-143) gave the hightially contains the molecular surface that recognizes polypeptides in typical SH3 domains. Thus, the CheA est similarity score (BLAST expect value 4 ϫ 10 Ϫ4 ) with 28% identity over 97 residues. Given the extent of the regulatory domain and typical SH3 domains recognize different protein targets with different surfaces. Howsequence identity for the length of the alignment, the two proteins can be expected to be structurally related ever, the coupling of an SH3-like domain to a histidine about this hinge (Figure 8) . Mutation of the hinge residue Arg-354 to Cys in E. coli CheA diminishes autophosphorylation and suppresses chemotaxis (CheA allele 540 described in Oosawa et al., 1988), suggesting that residues that affect domain arrangements are critical for activity and signaling. In the case of class I histidine kinases, such a hinge would have to allow the kinase domain to reach the substrate domain on the dimer interface and then release it for subsequent transfer of the phosphate from the H box to a response regulator domain. Domain motion about hinges may also allow regulation of kinase activity by the chemoreceptor and CheW. In our structure, P5 could interfere with P1 binding to the kinase in only one subunit (Figures 2 and 8) . In this subunit, ␣10 of P5 resides between ␣4 and ␣8 in the kinase domain, near the shallow groove where P1 is presumed to access the ATP ␥-phosphate ( Figures 4A,  5, and 8 ). In the other subunit, a rigid body rotation of 
